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1. Introduction {#sec1}
===============

The global population is expected to reach more than 9 billion by 2050, with most of this increase to occur within urban areas ([@bib45]). In terms of land use, urban areas are projected to grow up to 80% by the year 2030, with most of this increase happening in developing countries ([@bib26]). As a consequence, around 2% of the world's current arable land will be lost due to urbanisation ([@bib5]). These developments lead to various social, economic and environmental challenges that need to be addressed accordingly in the context of urban planning. The integration of urban green spaces is seen as a promising strategy to offset many drawbacks of ever-expanding cities and to increase urban sustainability. Urban green spaces can also contribute to food security, which is of special importance for developing countries. This implementation is called urban agriculture ([@bib41]).

Urban agriculture refers to food production systems inside city boundaries or densely populated areas. As such, it makes significant contribution to social, economic and ecological quality ([@bib30]). It is a global phenomenon which is of special importance for food security in developing countries. Estimates suggest that the scale of urban agriculture grows linearly with the urban growth of countries in equatorial Africa ([@bib21]). Developing countries in Asia show a similarly high participation of urban dwellers in agriculture, which is considered an important source of livelihood ([@bib54]). Urban agriculture in more developed countries has a stronger focus on social components rather than food production and is often associated as a leisure activity or as a form of ecological activism. To date, the driving forces behind urban agriculture appear to be less concerned with food security, and more so with social, cultural and ecological factors ([@bib34]). However, in the context of climate change, and other shocks to the food system (e.g. the recent Covid-19 pandemic), there is renewed interest in urban agriculture as a means to secure a supply of clean food in all regions of the world. Especially when regional transport of foods may be affected by pandemic-induced controls on movement. In the pursuit of urban sustainability and sustainable food production, there is further need to re-evaluate urban agriculture on a global scale ([@bib41]).

There are many mechanisms involved through which urban agriculture is able to contribute to sustainable food production and urban sustainability. One of the biggest advantages is its ability to produce food locally and to reduce transportation routes ([@bib22]). The greatest reductions in greenhouse gas emissions can be achieved by growing high-yielding seasonal food that would otherwise be imported ([@bib20]). The integration of urban waste streams for nutrients and organic matter enables urban agriculture systems to reach a high self-sufficiency for most plant nutrients and even up to 100% for phosphorus ([@bib51]). Many case studies have shown that urban agriculture is highly adaptable and often tailor-made for the specific needs of the local residents and their surrounding environment. This multifunctionality allows for efficient land-use in densely populated areas ([@bib25]) and even in areas with poor or unknown soil conditions ([@bib3]). It can also be shaped to specifically provide urban ecosystem services such as pollination, pest control or climate resilience ([@bib23]).

Urban agriculture comes in various forms and shapes, and especially developed countries see an increase in more advanced systems such as hydroponics in combination with vertical gardening and LED light systems. However, the most common form of urban agriculture is using either the natural soil or a soil-based medium in raised beds or containers ([@bib34]). The importance of urban agriculture for sustainable urban planning and food security warrants the need for detailed investigations of urban soil health in the context of food production. To this day, most of this research focused on soil contamination due to anthropogenic activities. Such results are often individual to each sampling location, and show high variability according to their particular surroundings ([@bib39]). Information on soil fertility in terms of available plant-nutrients and soil microbial activity is scarce. The available studies agree that urban agriculture sites have an ample supply of plant nutrients which are derived from various forms of urban waste streams ([@bib50]). Research also indicates that using organic fertilizers rather than inorganic forms is associated with higher microbial activity due to carbon inputs to soil ([@bib17]). In terms of yield-efficiency, high outputs have been reported, however, often at benefits-to-cost ratios similar to conventional farms. In a hypothetical scenario, most inputs could have been substituted with local renewables, thereby increasing the sustainability of those systems ([@bib28]).

Maintaining and enhancing soil health is commonly cited as a high priority in urban farming communities. While measuring soil health is difficult, one approach that can be used is to assess impacts on key soil biota. To this end, arbuscular mycorrhizal fungi (AMF) are a near-ubiquitous group of soil fungi that colonise the roots of the majority of terrestrial plant species ([@bib40]). These resulting associations, arbuscular mycorrhizas (AM), can provide many important ecosystem services, including improved nutrient uptake and decreased nutrient losses caused by leaching or soil erosion ([@bib38]) and are oftien cited as an important indicator of good 'soil health'. Colonization of roots by AMF can also alleviate effects of metal toxicity in plants ([@bib49]), increase plant pathogen resistance and improve the soil structure. All of the aforementioned benefits of AMF are relevant in the contexts of both urban and conventional agriculture practices ([@bib40]). Although AM have an important role to play in sustainable production systems, the status of AM in urban agricultural systems has not, to our knowledge, been studied previously.

This study includes the results of a survey of physiochemical and biological properties of soil from urban agricultural sites across a major metropolitan city (see [Supp. Fig. 1](#appsec1){ref-type="sec"}). The research involved 12 urban sites, which were described according to their design and plant biodiversity. Soil samples were collected and tested for a number of different soil parameters. This analysis answers questions regarding soil nutrient potential and contamination with potentially toxic metals. Soil collected for the sites was also used in a greenhouse bioassay to gain information on the soil's biological properties, namely its mycorrhizal potential. Following, the term "mycorrhizal potential" is used to describe the soil's potential to promote colonization of roots by AMF.

2. Material and methods {#sec2}
=======================

The selected sites were dominated by community gardens (n = 10), but also included two commercial production sites in an urban setting. The sites were surveyed in September--October (Austral Spring), 2017 and soil physicochemical properties were measured. The same soils were used in a glasshouse bioassay experiment with the aim to assess their mycorrhizal potential.

2.1. Site selection {#sec2.1}
-------------------

All sites were within a 15 km radius of the City of Adelaide (see [Supp. Fig. 2A](#appsec1){ref-type="sec"}). The City of Adelaide (Longitude S-34.93°, Latitude E138.60°) has a population of approximately 1.3 million people with a varied history (post-European settlement in 1836) of urban, agricultural, and industrial land use (see below). Using publicly available data, a total of 17 urban agriculture sites were identified as potential survey sites. Selection criteria were a minimum size of 200 m^2^ and evidence of active food production. Of the 17 sites identified, representatives of 12 sites agreed to being included in this study. For confidentially, the precise locations and names of some sites are not identified here.

2.2. Survey: site characterization and sampling {#sec2.2}
-----------------------------------------------

Prior to visiting sites, further information was gathered using publicly available web sites as well as current and historical satellite imagery. This contextual information includes local land use context, garden size and number of garden beds. Information on historical land use was supplemented and/or confirmed during site visits. Upon arrival at each site, the number of beds was recorded and if production took place in raised beds or not. At each site, gardening beds with evidence of active farming were identified and four or five representative beds randomly selected for more detailed investigation and sampling (see [Supp. Fig. 2B](#appsec1){ref-type="sec"}).

The dimensions of the beds sampled at each site were measured, and the identity and abundance of plants species being grown at the time was recorded. The source of the soil (i.e., indigenous or imported potting soil) in the production areas was recorded, and where possible, information on the nature of amendments (e.g., manure, compost, etc.) was recorded. Although no sites were formally certified as organic, all sites followed basic principles and ethos of organic farming. These principles mainly included the use of organic pesticides over synthetic ones and abstinence of any mineral fertilizers.

Soil was collected from each bed by taking five soil cores from the 0--10 cm soil layer using a 10 cm diameter auger. Those five cores were then combined at the bed level to produce one composite sample per bed. At two of the sites, cropping was in rows rather than beds, thus soil samples were taken from an area of 1.5 × 2.5 m, which was equivalent to the typical bed size at the other sites.

In an effort to characterise underlying soil conditions at each site, soil samples were also taken from across the site in the non-cultivated area (e.g. in the space between the beds), later referred to as the 'underlying soil'. These samples were taken from four separate locations randomly distributed across the site (i.e. n = 4). Samples were taken from the underlying soil for the 0--10 cm and 10--30 cm soil layers using a 5 cm diameter auger; at some sites it was not possible to sample to a depth of 30 cm due to high soil strength. All soils collected were stored in air-tight plastic bags and placed in a travel refrigerator at 4 °C until their return to the laboratory, where they were processed immediately.

2.3. Survey: soil physicochemical analysis {#sec2.3}
------------------------------------------

Upon return to the laboratory, soil samples were carefully mixed and any coarse woody (or other) debris removed using a 2 cm sieve. The sieved soil was then divided into subsamples for analysis as follows. The first sub-sample was used for determination of soil gravimetric moisture content after drying at 105 °C for 48 h. The second sub-sample was used for colorimetric determination of mineral N (ammonium and nitrate) on 2 M KCl soil extracts as described in [@bib6]. The third sub-sample was air-dried at 40 °C for at least 48 h and used for further physicochemical analysis: soil pH and EC (1:5 water extract) was measured using a TPS WP-81 pH, TDS, Temperature & Conductivity Meter (EnviroEquip Biolab, Australia). Plant-available (Colwell) P was determined colorimetrically in soil samples collected from the garden beds, using Murphey & Riley colour reagent after extraction in 0.5 M sodium bicarbonate solution for 16 h ([@bib6]). Total Dumas carbon (C) and N analysis was performed by Australian Precision Ag Laboratory (see <http://www.apal.com.au/>, last accessed May 2019). The concentration of metals in the soil was determined on soil digests in aqua regia and perchloric acid, followed by analysis for the individual elements: Arsenic (As), cadmium (Cd), copper (Cu), manganese (Mn), nickel (Ni), phosphor (P), lead (Pb) and zinc (Zn), by inductively coupled plasma optical emission spectroscopy (ICP-OES, PerkinElmer Avio 200). The reference soil ACU-4 was used as certified reference material with recovery rates between 89% and 106%. The instrument detection limits (on a soil basis) were 0.028 mg kg^−1^ for As, 0.012 mg kg^−1^ for Cd, 0.1 mg kg^−1^ for Cu and Mn, 0.028 mg kg^−1^ for Ni and 0.1 mg kg^−1^ for Pb and Zn.

2.4. Bioassay {#sec2.4}
-------------

Mycorrhizal fungi are often cited as a key indicator of soil health and as having a role to play in clean and sustainable production systems. In order to investigate the potential for indigenous and introduced (*Rhizophagus irregularis*, see below) AMF to colonise the roots of plant grown in the soils collected from the sites, a glasshouse bioassay experiment was undertaken. Due to the limited amount of soil from some sites following physicochemical analysis, it was not possible to conduct the supplemented inoculation (i.e*. R. irregularis*) treatment on every collected sample; however, 80% of the soils could be inoculated, with n = 50 in the test of indigenous AMF inoculum potential, and n = 40 in the test of impacts on soil after supplemental inoculation with *R. irregularis*.

The culture of *R. irregularis* (WFVAM10) has been used in previous studies and was found to result in good mycorrhizal root colonization ([@bib49]). The culture is regularly propagated in a closed pot culture system with *Tagetes patula nana* as a host plant. On average, 7 spores g^−1^ inoculum were present, as well as a variable number of infected root pieces. This source of mycorrhiza inoculum has previously been found to provide high levels of AM colonization under a range of conditions.

The glasshouse bioassay was performed as follows: tomato (*Lycopersicon esculentum* cv. 76R) seeds were surface-sterilized and pre-germinated on double autoclaved sand mixture, before being transplanted into the final substrate after the development of the first true leaf. The final substrate consisted of 150 g of the collected garden bed soils mixed with 150 g of double autoclaved fine sand. *R. irregularis* inoculum was added (10% w/w) for the supplemented treatment while keeping the same final weight. Plants were grown in an environmentally controlled greenhouse from November to December 2017 (Austral Spring-Summer) and randomized weekly. Plants were watered daily using reverse osmosis (RO) water, and no other nutrients were added.

Plants were destructively harvested 36 days after transplanting, and roots and shoots were separated before being dried at 65 °C. At harvest, a subsample of the fresh roots was taken and stored in 50% ethanol for 24 h. Mycorrhizal colonization was quantified using the gridline intersect method after staining with ink and vinegar ([@bib48]). Shoots were ground to a fine powder before being analysed for the elements calcium (Ca), copper (Cu), iron (Fe), potassium (K), sulphur (S), magnesium (Mg), manganese (Mn), phosphor (P) and zinc (Zn) by ICP-AES (as described above). To obtain information about the presence of indigenous mycorrhizal spores in the collected soil samples, a subsample of the collected soils (n = 27) was processed according to ([@bib29]) as follows: depending on the available soil, between 10 and 30 g dry soil was weighed as biological triplicates and wet-sieved on 27 μm and 450 μm sieves for spore extraction. The extract was then centrifuged in a 50% sugar solution for further cleaning. The supernatant was separated and washed three times with RO water. Spores were then placed onto a 45 mm glass dish with four circular walls in between (nematode counting dish) and counted using a dissecting microscope (Olympus SZ-PT) between 80--100× magnification.

2.5. Statistical analysis {#sec2.5}
-------------------------

Survey: the data was not normally distributed and was therefore analysed using the non-parametric Kruskal--Wallis one-way analysis of variance with Bonferroni correction. In order to identify differences between the variables 'location' (garden beds, underlying soil 0--10 and 10--30 cm) or 'previous industrial history' (yes/no) (see below), site means (e.g. averaged across beds) were used as replicates. However, when comparing sites, individual samples were used as replicates. Where significant differences were identified, post hoc tests were performed using Fisher's Least Significant Difference. In order to explore the relationship between different variables (e.g. total P and plant-available (Colwell) P), simple linear regression modelling was undertaken.

Bioassay: data was not normally distributed and Kruskal--Wallis one-way analysis of variance with Bonferroni correction was used in order to reveal differences between groups. Where significant differences were identified, post hoc tests were performed using Fisher's Least Significant Difference. Individual samples were used as replicates and analysed with the grouping factor Inoculation (none/*R. irregularis*). Again, simple linear regression modelling was used to explore relationship between different variables (e.g., shoot P concentration and soil P concentration).

All data was analysed with the software R in the version 3.5.0, using the package 'agricolae' 1.2 ([@bib7]) for non-parametric Kruskal-Wallis analysis with Fisher's Least Significant Difference as post hoc test. Principal component analysis was performed using the function 'prcomp' and 'lm' was used for the coefficient of determination R^2^.

3. Results {#sec3}
==========

3.1. Site characterization {#sec3.1}
--------------------------

The sites included in this study ([Table 1](#tbl1){ref-type="table"} ), were on average approximately 0.1 ha in size, but ranged from 210 to 15,000 m^2^. Whereas at nine of the sites production was predominantly conducted in raised beds using introduced soil or potting mix, at two of the sites it was in beds formed from the natural soil and supplemented with self-made or externally sourced compost. The remaining site grew crops in the natural soil without any organic amendments. Across all sites, an average of 35% of the available area was dedicated to production (as garden beds, chickens, beekeeping and fruit trees), and the remainder was used for pathways, storage facilities (e.g. sheds), and other non-production oriented activities. There was an average of 29 beds at each of the 10 community garden sites, which was similar to the average number of gardeners (23) at each of these sites. At the two commercial sites, production was set up in rows rather than beds. While the community gardens provided a mix of activities ranging from food production to social inclusion and educational activities, the two commercial enterprises focused solely on food production. Compost was produced and used at all but two of the sites (one commercial and one community garden). Further nutrients were imported, typically in the form of commercially available municipal green-waste compost and/or animal (predominantly horse) manure. Most sites were located between residential allotments and often in close proximity to park lands or other nature reserves (see [Table 1](#tbl1){ref-type="table"}).Table 1Descriptive information about sites included in this study and their correlating plant biodiversity.Table 1Site123456789101112**Size (m**^**2**^**)**68021088015,0002100710700100024006003001100**Year established**201120102005190719922003201420101994201620122011**Previous land use**Plant nurseryParklandSchool yardPaddockFactoryTennis courtCar parkParklandPaddockJunkyardVacant lot (former blacksmith)Bowling area**Surrounding land use**Residential allotment and parkParkResidential allotmentResidential allotment and parkResidential allotmentResidential allotment and community centerCBDResidential allotment and parkResidential allotment and parkParkResidential allotmentResidential allotment**Number of gardeners**302035325201035306245**Use of raised beds**YesYesYesNoNoYesYesYesYesYesNoYes**On-Site composting**YesYesYesNoYesYesNoYesYesYesYesYes**Livestock**NoNoNoNoBees and ChickensNoChickensNoNoNoNoNo**Plant richness per site**141613112191318214711**Plant richness per bed mean (median)**6.75 (6.5)6.25 (6.5)4 (3.5)1 (1)5 (5)5.75 (7)4 (4)6.75 (7)6.25 (6.5)2 (2)2.25 (2.5)3.25 (2.5)**Dominant species**CabbageBeansOnionsVineBeansGarlicParsleyOnionsOnionsOnionsOnionsOnions**Shannon-Index H**9.111.19.72.08.414.910.613.715.02.06.24.3

All sites together had a total plant species richness of 73 species in the production areas surveyed, and at the individual site level, ranging from one to 21 species ([Table 1](#tbl1){ref-type="table"}). On the bed level, species richness ranged from one to twelve species. The most abundant crops were varieties of onions, lettuce, cabbage, broad beans and carrots, all of which are typical winter crops grown in South Australia. Plant richness and biodiversity (Shannon-Index) varied greatly between the sites and in some cases beds only contained one plant species. The Shannon-Index was used as a biodiversity index which accounts for both species abundance and evenness ([@bib44]). However, most garden beds showed a high plant species richness with different crops grown in close proximity. This likely reflects the fact that beds typically service the needs of an individual grower.

3.2. Potentially toxic metals {#sec3.2}
-----------------------------

In an attempt to identify potential contamination of these urban soils (referred to as garden beds) and in the underlying soil (sampled from between the beds, using soil layers 0--10 and 10--30 cm, referred to as 'underlying soil 10' and 'underlying soil 30'), soil elemental concentrations were compared to *National Environmental Protection Measure Health Investigation "A" Guideline Levels* (NEPM-HIL) as stated by [@bib35] ([Table 2](#tbl2){ref-type="table"} ). Across all sites, the concentrations of As, Cu, Cd, Mn, Ni, Pb and Zn were well below the NEPM-HIL A guideline levels, indicating that minimal risks to human health are posed by the soil either in the beds or the underlying soils (see [Table 2](#tbl2){ref-type="table"}). Importantly, for As and Cd, concentrations were below detection limits (0.028 mg kg^−1^) in the majority of samples and were therefore omitted from statistical analysis.Table 2Summary description of soil metal concentrations of all collected samples (beds and natural soil).Table 2Summary statisticAs \[mg kg^−1^\]Cd \[mg kg^−1^\]Cu \[mg kg^−1^\]Mn \[mg kg^−1^\]Ni \[mg kg^−1^\]Pb \[mg kg^−1^\]Zn \[mg kg^−1^\]Sample size (n = )19133133123133133Below detection limit/NAs132124----10----Detection limit0.0280.0120.10.10.0280.10.1Minimum0.60.010.30.10.50.10.6Median0.60.0825.2168.77.830103.1Mean0.60.1332.6213.18.645.8114.9Max0.60.38183.4750.132.6267.7661.7SD--0.129.3134.34.646.991.5HIL-A Guidelines (NEPM)10020600038004003007400

One of the motivations for undertaking production in raised beds was a perceived risk that there may be contamination in soil at the site(s), as a legacy of previous land use (e.g. industrial or unknown) at the site. To explore this concern, the results were compared for concentrations of Cu, Mn, Ni, Pb and Zn between sample locations (garden beds, underlying soil 0--10 and 10--30 cm) using the sites as replicates ([Fig. 1](#fig1){ref-type="fig"} ). Whereas this analysis revealed significantly higher concentrations of Ni in the underlying 10--30 cm soil layer than in the garden beds (p = 0.04), there were no significant differences between the sampling locations for Cu, Mn, Pb and Zn. Variability within sites was high with a number of outliers identified (see [Supp. Fig. 3)](#appsec1){ref-type="sec"}.Fig. 1Soil concentrations of tested heavy metals between sites with industrial and non-industrial history and the different sampling locations 'garden bed' (red bar), 'underlying soil 0--10 cm' (green bar) and 'underlying soil 10--30 cm' (blue bar). Values are mean ± SE, N = 133. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

Sites were further classified on the basis of their prior land use; industrial (n = 3) or non-industrial (n = 9) ([Fig. 1](#fig1){ref-type="fig"}). When comparing metals in the garden beds at sites with industrial versus non-industrial land use histories, there were no significant differences detected. However, for the underlying soil layers (0--10 and 10--30 cm, respectively), there were significant differences for Cu, Ni, Pb and Zn, with the industrial sites having higher concentrations than the non-industrial ones (see [Fig. 1](#fig1){ref-type="fig"} and [Supp. Fig. 3](#appsec1){ref-type="sec"}).

3.3. Phosphorus and nitrogen {#sec3.3}
----------------------------

Concentrations of plant-available (Colwell) P in the garden beds ranged from 36 to 1265 mg kg^−1^ soil and showed high variability within and between sites. Most of the garden beds contained relatively high concentrations of plant-available (Colwell) P (median = 442.5 mg kg^−1^ soil), exceeding the critical concentration of plant-available (Colwell) P for most horticultural crops (e.g. lettuce = 115 mg kg^−1^ soil, [@bib15]) (see [Fig. 2](#fig2){ref-type="fig"} A). Only sites 4 and 10 differed significantly from all other sites, with these beds having significantly lower concentrations of plant-available (Colwell) P than at all other sites. Concentrations of total P in the soil were also measured and were significantly higher in the garden beds than in the underlying soil layers (0--10 and 10--30 cm) ([Supp. Fig. 4](#appsec1){ref-type="sec"}). A regression analysis between concentrations of total P and plant-available (Colwell) P in the garden beds resulted in a positive, albeit moderate, correlation (R^2^ = 0.43).Fig. 22A: Plant-available (Colwell) P concentration of garden beds over all tested sites. Dashed lines indicating critical Colwell P of 115 mg kg^−1^ for lettuce (blue) as a reference and the median of all samples (red). 2B: Mineral-N concentrations of garden beds (brown) and underlying soil (white) over the tested sites. Dashed lines indicating median for location 'garden bed' (bed) (red) 'underlying soil 0--10 cm' (soil10) (blue). N = 80. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

Total nitrogen (N) in the soil collected from the garden beds was generally high (median = 0.7%). Mineral N in the garden beds was comprised from an approximate equimolar ratio of ammonium and nitrate (median = 6.2 mg kg^−1^ and 6.1 mg kg^−1^ soil, respectively), and did not differ significantly between sites ([Table 3](#tbl3){ref-type="table"} and [Fig. 2](#fig2){ref-type="fig"}B). However, variability within sites was high; for example, at site 5 mineral N ranged from 7.6 to 26.5 mg kg^−1^ soil. Total N in the underlying soil (0--10 cm) was lower than in the beds (median = 0.4%). Mineral N in the underlying soil was dominated by ammonium rather than nitrate (median = 4.3 mg NH~4~-N kg^−1^ soil and 0.6 mg NO~3~-N kg^−1^ soil).Table 3Summary description of Colwell P, total P, Ammonium, Nitrate, total C, total N, C/N, pH and EC of all collected samples (beds and underlying soil).Table 3LocationSample sizeMinMedian \[mg kg^−1^\]Mean \[mg kg^−1^\]Max \[mg kg^−1^\]Colwell P \[mg kg^−1^\]Garden bed4936.3442.6465.31265.7Total P \[mg kg^−1^\]Garden bed50338.81866.02296.06490.0Natural soil 0-10480.6665.3852.54859.0Natural soil 10-3035191.1372.8561.91440.0Ammonium \[mg kg^−1^\]Garden beds491.26.26.215.8Natural soil 0-10410.14.34.49.6Nitrate \[mg kg^−1^\]Garden beds490.26.19.116.2Natural soil 0-10420.10.61.04.6Total C \[%\]Garden beds491.57.37.616Natural soil 0-10490.25.57.529Total N \[%\]Garden beds490.030.70.71.3Natural soil 0-10490.030.40.51.8C/NGarden beds498.310.912.850Natural soil 0-10491.514.516.5130pHGarden bed506.47.17.17.9Natural soil 0-10426.56.97.07.8Natural soil 10-30356.37.17.17.9EC \[mS\]Garden bed50753414022057Natural soil 0-1043292612881234Natural soil 10-303531154156528

Principal component analysis (PCA) revealed that sites 4, 5 and 11 had distinct physico-chemical soil characteristics (see [Supp. Fig. 5A](#appsec1){ref-type="sec"}), while the 95% confidence limits of the remaining sites overlapped and were thus more closely related to each other. The variation within sites was often small, such as for sites 7, 10 and 12. The first two principal components explain about 56% of the variance of the data set.

3.4. Bioassay {#sec3.4}
-------------

Of the 90 plants included in the bioassay, 13 died within the first 14 days after transplantation, with symptoms of tomato stem rot evident on those seedlings. One seedling was omitted from further analysis due to a mutated growth phenotype. Of the 76 remaining plants, 27 were inoculated with the AMF *R. irregularis.*

Plants growing in the indigenous soil without the *R. irregularis* treatment showed a mycorrhizal root colonization between 3 and 56%. Inoculation with *R. irregularis* increased average colonization significantly from 26 to 31% ([Fig. 3](#fig3){ref-type="fig"} B). Altogether, 17 samples had increased colonization, three samples had a neutral response and seven were negatively affected. This change in root colonization was highly variable between samples collected from beds within a given site. For example, two separate beds within site 4 showed the greatest increase (4/B1) and decrease (4/B3) in mycorrhizal colonization with inoculation with *R. irregularis* ([Fig. 3](#fig3){ref-type="fig"}A).Fig. 33A: Change of mycorrhizal root colonization after addition of R. irregularis in percentage, number of spores present per gram of dried indigenous soil (numbers) and corresponding plant-available Colwell P (dots). 3B: Mycorrhizal root colonization between indigenous soil (Control) and treatment with R. irregularis. 3C: Shoot biomass between non-inoculated soil (Control) and R. irregularis treatment.Fig. 3

Correlation between plant-available (Colwell) P and mycorrhizal root colonization was low (R^2^ = 0.08), and some samples with high concentrations of plant-available (Colwell) P showed a strong increase in mycorrhizal root colonization with inoculation (e.g., samples 2/B4 or 6/B4). The abundance of AMF spores in the tested subsample ranges from 3 to 44 spores g^−1^ dry soil with a mean of 11 spores ([Fig. 3](#fig3){ref-type="fig"}A).

Shoot biomass varied greatly between samples, similar to the measured variability of soil mineral N and plant-available (Colwell) P. However, shoot biomass was significantly lower in the *R. irregularis* inoculated plants (mean = 0.8 mg kg^−1^), than in the non-inoculated control (mean = 1.0 mg kg^−1^) ([Fig. 3](#fig3){ref-type="fig"}C).

Shoot P concentrations were significantly higher in the *R. irregularis* treatment (mean = 4.0 mg kg^−1^) than in the non-inoculated treatment (mean = 3.3 mg kg^−1^). Conversely, concentrations of Fe were lower in the *R. irregularis* treatment (mean = 0.05 mg kg^−1^) than in the non-inoculated control treatment (mean = 0.07 mg kg^−1^). There were no significant differences for Zn ([Supp. Fig. 6](#appsec1){ref-type="sec"}). Regression analysis between concentrations of P, Mn and Zn in the plant tissue and soil resulted in R^2^ \< 0.01 for P and Zn and R^2^ = 0.55 for Mn.

The PCA showed that shoot biomass was most closely correlated to soil total N, total P, Colwell P, and total C (see [Supp. Fig. 5B](#appsec1){ref-type="sec"}). Strong negative correlations were found between shoot biomass and mycorrhizal root colonization and, to a lesser degree, soil nitrate.

4. Discussion {#sec4}
=============

The sites included in this urban agriculture study ranged in size, number of participants, and their focus (commercial and community gardens). The nature of most sites was relatively uniform with plants being grown in raised beds with relatively high plant biodiversity compared to conventional agriculture systems. While concentrations of potentially toxic metals in soils were well below guideline levels, they were higher on sites with a history of industrial land use. Whereas systems had relative low levels of mineral N and adequate levels of total N, plant-available (Colwell) P was very high. Collected soils were abundant in AMF spores and a greenhouse bioassay showed high mycorrhizal root colonization, even in soils with high P concentration. Following, these results are discussed in the context of soil health and safety as well as their significance towards sustainable and clean food production.

4.1. Site characterization {#sec4.1}
--------------------------

There were two broad types of sites identified in this study: community gardens and commercial sites. Both types differed in their configuration, farming methods and plant biodiversity. All community gardens showed a strong multifunctional character by combining mainly social and ecological functions. As such, they allocated more space to non-production areas and wheelchair accessible pathways to allow social gatherings for the community. Food production in most community gardens took place in raised beds, while both commercial sites were growing plants in the natural soil. The decision to use raised beds and imported soil was in many cases due to perceived concerns around potential soil contamination and was in some cases mandated by local government. In general, plant biodiversity in the community garden was higher than in the commercial sites and included many ornamental plants and perennials such as *Rosmarinus officinalis* or *Physalis peruviana*. The higher diversity of crops grown in the community gardens is likely due to using the garden as a kitchen garden, whereas the commercial sites put an emphasis on producing saleable amounts of product. Those results suggest that especially the community gardens present a big potential for urban biodiversity conversation and provide important ecosystem functions ([@bib13]). The sustainable character of the commercial sites lies mainly within their focus on food production, combined with their proximity to the consumers and short transportation routes. Although not part of this study, it is likely that food produce of both commercial sites is associated with less greenhouse gas emissions than conventionally produced food ([@bib22]). Both the community gardens and the commercial sites made efficient use of valuable urban space in a densely populated area. Their actual configuration is a reflection of their surroundings and the needs of the local residents and they all followed a strong multifunctional character ([@bib25]). This multifunctionality allows all sites to mitigate various challenges that arise from expanding cities ([@bib26]).

4.2. Potentially toxic metals {#sec4.2}
-----------------------------

One of the main reasons for the use of raised beds in urban environments are concerns over possible soil contamination. Previous studies showed that those concerns are justified and concentrations of metals in urban agriculture soils ([@bib33]) and products ([@bib43]) can exceed regulated guideline concentrations. Anthropogenic input of metals into the soil occurs through various mechanisms such as atmospheric deposition, runoff from metal surfaces, bonfires, burial of metal-containing waste, pesticides, or fertilizers ([@bib2]). All samples in this study were below the NEPM HIL-A guidelines for the tested metals, however, sites with industrial historical land use had significant higher concentrations of Cu, Ni, Pb and Zn in the underlying soil layer than sites with non-industrial history. In contrast, there was no significant difference in concentrations of metals in soils from gardening beds when sites with and without industrial land use histories were compared. The use of raised beds with introduced soils appears to have been an effective way to safely (from a metal perspective) undertake food production in sites with industrial histories. Although it is unlikely for developed countries to undertake any form of food production in areas with known soil contamination, raised beds represent one option to help ensure a safe and secure food supply system, in countries facing food shortages ([@bib19]).

Concentrations of Zn in site 11 (mean = 258 mg kg^−1^) were well above the typical levels of about 57--100 mg kg^−1^ in organically managed soils ([@bib36]). This finding might not only be caused by its industrial history, but also the use of Zn-based pesticides or the application of municipal composts ([@bib16]). While speculative, this highlights the need to consider potential introduction of heavy metals, and indeed other contaminants, with external inputs. These levels of Zn are of interest from an agricultural perspective but are still within the critical guideline levels by a factor of 28. Although the re-use of urban waste products comes with certain reservations, it did not negatively affect the sites included in this study (from a metal perspective). On the contrary, it is likely that the use of organic amendments from urban waste streams saved a substantial amount of energy due to the omission of mineral fertilizer ([@bib12]), however, that was not a focus in this study.

4.3. Phosphorus and nitrogen {#sec4.3}
----------------------------

With the exception of two sites, plant-available (Colwell) P in the soil collected from the garden beds was very high, and well in excess of required levels for horticultural production ([@bib15]). High levels of plant available P in these soils is likely a reflection of easily accessible nutrient sources that are high in P, such as horse manure ([@bib1]), coupled with the highly immobile nature of P in the soil ([@bib15]). Similar results were found in various urban agriculture projects in Portugal ([@bib4]) and the Netherlands ([@bib50]), where the nutrient inputs would even exceed the fertilizer application limits of conventional farming. Nitrogen analysis of the collected garden beds revealed similar and low concentrations of ammonium and nitrate. However, most plant N is derived (following mineralization) from organic forms in the soil which is also represented in the total N analysis. Concentrations of total N in the soil from the garden beds ranged from 0.03% to 1.3% with a median of 0.7%. When comparing those values against the critical concentrations for wheat (0.1%) ([@bib15]), most garden bed soils can be considered adequately supplied with N. This divergence between high amounts of total N and low amount of mineral N might be caused by the highly dynamic cycling of N in soils which is affected by many environmental factors ([@bib15]). All things considered, nutrient management in urban agriculture systems is characterised by an over-supply of urban waste products which leads to excess or imbalanced soil nutrient concentrations. Such imbalances between nutrient inputs and outputs should be closely monitored to avoid build-up in the soil. Excess nutrients may pose a risk due to run-off or can interfere with the uptake of other plant nutrients ([@bib10]). However, the use of mainly organic urban waste products also resulted in high total N concentrations which is a significant parameter for good soil health ([@bib15]). One solution to counteract excess or imbalanced nutrients in the context of urban agriculture is to either reduce nutrient inputs or to use a blend of different organic materials with different nutrient profiles. For example, after communicating the issue of high P concentrations to participants of the study, one community garden incorporated spent coffee ground as nutrient source which has a broad N:P ratio of about 30:1 ([@bib24]). Other common composting materials with high N:P ratios are straw (N:P = 8:1) or wood chips (N:P = 7:1) ([@bib52]). The results of the PCA revealed that all sites which used raised beds with introduced soils shared a close relationship. This indicates that most soils and composts originate from a similar source, probably due to its easy accessibility. However, most developed cities provide a variety of freely available organic materials with different nutrient profiles. In order to use this resource in a sustainable way, it is necessary for gardeners to familiarize themselves with the principles of balanced nutrient management.

4.4. Bioassay {#sec4.4}
-------------

Mycorrhizal fungi were present in all soils collected in this survey. On average, 11 AMF spores g^−1^ dry soil were present in the samples that were used in the bioassay. Such spore abundance is similar to organic agriculture soils where up to 14 AMF spores g^−1^ soil were found ([@bib37]). The true mycorrhiza potential of the soil samples is probably still higher, as root pieces or extraradical hyphae in the soils act as another inoculum source but were not measured in this study. The mycorrhizal potential is also reflected by the high percentage root colonization of plants without *R. irregularis* inoculation. The inoculation with *R. irregularis* suggested that most soils have higher mycorrhizal potential and can support higher root colonization. In that way, the addition of *R. irregularis* further bolstered the mycorrhizal root colonization for most samples which might be explained by the fast-growing nature of this AMF species ([@bib27]). Interestingly, site 4 showed a high variability in its response to inoculation with *R. irregularis* as those samples showed either a positive, neutral or negative response. This response to inoculation cannot be explained within the methodology of this study and might be linked to other microbial processes that impact mycorrhizal growth ([@bib32]). Such a spatial variability of soil microorganisms has been reported previously by [@bib42]. To this date it is not possible to compare the AMF spore numbers of this study with other urban agriculture sites, as no such data are available.

Given the ample supply of plant nutrients at most sites, it is surprising to find such an abundance of AMF in the soil. Most scientific literature even described an inhibition of mycorrhizal development at high levels of soil P. The results of this study might suggest that nutrient uptake is not the major driver behind mycorrhizal symbiosis in urban agriculture soils, or, is at least redundant from a nutrient perspective. Still, shoot P concentrations in the bioassay were higher in the *R. irregularis* treatment than non-inoculated and significantly exceeded values reported by [@bib49]. This discrepancy between the studies is likely due to the far higher soil P concentration in the urban agriculture soils. Plant shoot weight was decreased in the *R. irregularis* treatment which is commonly found in plants with high mycorrhizal root colonization ([@bib18]) when compared to non-mycorrhizal control plants. However, it is important to consider that the importance of AMF in ecosystems should not be questioned over the decrease of shoot and root dry weights with higher root colonization. As mentioned by [@bib38], AMF provide a broad range of services that positively affect sustainability in food production.

Similarly, the natural establishment of AMF in urban agriculture soils is likely because they provide important ecosystem functions besides nutrient uptake, such as disease resistance or improved soil structure. Direct inoculation of AMF was not practised at any of the sites, suggesting that common management practices of urban agriculture, such as high plant biodiversity and principles of organic farming, lead to high levels of AMF propagules. If needed, most soils could sustain even higher levels of mycorrhizal root colonization after inoculation with a fast-growing mycorrhizal species such as *R. irregularis*. Those result suggest that, although urban agriculture soils are prone to excess soil nutrient concentrations, they are managed sustainably from a microbial perspective. Direct inoculation of urban agriculture soils with mycorrhizal inoculum is not necessary and common urban agriculture practices are naturally selecting for an abundant mycorrhizal assemblages ([@bib47]). Although not addressed in this study, it is likely that this process provides a variety of functions to the host plants and soils that goes beyond the uptake of plant nutrients. If gardeners seek to accelerate the establishment of mycorrhizal communities, it is possible to use small amounts of soil from an established garden bed as inoculum source for new garden plots. If need be, inoculum could even be produced on-site using a variety of organic substrates ([@bib9]). Those options provide low-cost and sustainable alternatives to commercial mycorrhizal inoculants that have been shown to be of variable quality (Salomon et al., unpublished).

4.5. Urban soil health framework {#sec4.5}
--------------------------------

Healthy soils are the foundation of urban green spaces, regardless of whether those spaces are intended for leisure or food production. As such, protecting urban soils from anthropogenic influences and improving soils wherever possible should be a priority in every urban planning framework. The following preliminary framework outlines the main steps involved in managing urban soil health based on the results of this study and with an emphasis on urban agriculture and urban green spaces (see [Supp. Fig. 7](#appsec1){ref-type="sec"}).

The basis of this framework is to minimize the impacts of anthropogenic activities on urban soils, for example through environmental policies ([@bib8]). Future urban development is then classified as "hazardous" or "safe" depending on the expected effect on the surrounding soil. Hazardous activities are such that are likely to result in adverse soil properties that can only be fixed at high cost (e.g. organic soil pollutants or potentially toxic metals). Activities that only have limited effects on soil health or effects that can be overcome in the context of urban green spaces are considered "safe". Most community gardens in this study were operating on "safe" zones, where soil compaction due to previous urban development was an issue that could be overcome by using raised beds.

The soil health of the urban surrounding is mapped according to the two categories ([@bib8]). Where soil contamination is of no concern, urban green spaces are encouraged, for example, through the use of government initiatives such as increased funding ([@bib46]), and environmental policies which support community gardens and other environmentally focused communities ([@bib31]). Hazardous areas that are conveniently located for green space development are prioritized for remediation efforts ([@bib53]). Hazardous areas that are unattractive for green spaces are used for clustering activities that are hazardous to soil health. Where urban soils need to be improved, for example in the context of urban agriculture, municipal compost is made available. Such compost blends should be nutrient-balanced and free of contaminants. The composts would ideally be based on a variety of high-quality urban waste streams which are collected city-wide to close the nutrient-loop and increase the city's self-sustainability ([@bib11]).

"The 30-Year Plan for Greater Adelaide" is a critical component of the planning strategy for South Australia, established by the Development Act 1993 ([@bib14]). The 30-Year Plan identifies specific goals which are consistent with the goals of this proposed framework, such as increasing the liveability of Adelaide by planting 20 million trees by 2020 and transforming Adelaide into a "green liveable city". However, the importance of healthy urban soil is only briefly mentioned in the Plan and is not bolstered by any specific strategies to achieve this goal. This framework could be implemented as an addition to the Plan to solve this deficit and ultimately improve the overall soil quality of Adelaide for future generations.

5. Recommendations and conclusions {#sec5}
==================================

The urban agriculture sites in this study provided multiple benefits towards the local community which included social services, eco-biodiversity, food production and recycling of urban waste streams. All sites showed strong multi-functional characteristics that allowed for efficient space use in a densely populated area. All soil samples were within the national guidelines for concentrations of potentially toxic metals, although higher concentrations were observed in industrially affected soils than in non-industrial soil. The use of raised beds and introduced soil was a successful method to offset those differences caused by the previous industrial legacy. Soils that were used for plant production had an adequate supply of N and very high levels of plant-available P, which mostly stemmed from freely accessible urban waste streams rather than mineral fertilization. One case example showed that organic amendments can be sourced from different urban waste streams with different nutritional values to avoid such imbalanced nutrient concentrations. Although most soils had imbalanced concentrations of plant nutrients, they were managed sustainably from a microbial perspective and contained a high abundance of mycorrhizal propagules. This naturally developed mycorrhizal assemblage is likely to provide important ecosystem functions in the context of urban agriculture. The findings of this study were incorporated into a preliminary framework for the management of urban soil health. This framework aims to facilitate the planning and implementation of urban green spaces by mapping the soil health of urban areas.
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